Escherichia coli K-12, strain AB1172, substrain 2276, a methionine-cyano-B,2-auxotroph grew poorly when placed in a medium containing optimal levels of cyano-B12 and suboptimal amounts of L-methionine. A marked depression of N5'0-methylene-H4-folate reductase was observed in the inhibited cells, although no significant alterations in other enzymes involved in the metabolism of N5"10-methylene-H4-folate were observed. Guanosine was effective in preventing the growth inhibition.
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In a preliminary report (4) , observations were presented on the unique and unusual growth characteristics of a methionine--cyano-B,2-auxotroph of Escherichia coli K-12-2276. When the organism was grown in a medium containing optimal growth concentrations of cyano-B12 as well as suboptimal concentrations of L-methionine, there was a striking inhibition of growth which correlated with a marked increase in N5 10-methylene-H4-folate reductase activity. Guanine or guanosine was found to protect against the inhibition seen in the presence of low levels of methionine, and the evidence suggested that the growth inhibition observed might be due to an alteration in one-carbon metabolism.
The present report discusses in more detail the characteristics of this growth inhibition and some studies on the enzymes catalyzing the metabolism of N"1'-methylene-H4-folate, a common intermediate in the biosynthesis of the thymidylate methyl group (8; M. Friedkin, Federation Proc. 18:230, 1959) , methionine methyl group (7) , and carbons two and eight of the purine bases (6) .
MATERIALS AND METHODS
The principal organism used in this study was the phage-produced mutant, E. coli K-12, strain ABI172, substrain 2276 (methionine or cyano-B]2&, thiamine-), Blindness (15) . Other phage-produced methionine or cyano-Bl2 auxotrophs, as well as the parent organism, were also supplied by Dr. Taylor. Methionine or cyano-B12 auxotrophs were also produced by mutagenesis with nitrosoguanidine (1). E. coli W113-3 was provided by David Perlman of the Squibb Institute of Medical Research.
The organisms were transferred from tryptone broth agar slants into minimal salts-glucose medium supplemented with thiamine hydrochloride (0.2 ,ug/ ml). The auxotrophic requirement was satisfied with either L-methionine (1.3 X 10-4 M) or cyano-B12 (8 X 10-9 M). The minimal medium was a half-strength preparation of medium 56 described by Monod et al. (11) . The cultures were incubated on a rotary shaker at 37 C. In the study of the "low" methionine inhibition, two procedures were used to subculture the bacteria.
Procedure A. For short-term growth studies, appropriate portions of an overnight culture grown with cyano-B12 (8 X 10-9 M) were harvested by centrifugation, washed twice with medium, and then suspended in fresh medium so that the optical density at 600 m,u was 1.0. Samples (1 ml) of these suspensions were transferred to separate 1-liter flasks which contained 100 ml of cyano-Bl2 minimal medium and various concentrations of L-methionine.
Procedure B. For overnight growth experiments, an inoculum one-twentieth of that used in procedure A was transferred directly into the same growth medium described in procedure A. The inoculum was not washed in this method. Bacterial growth in both procedures was followed by measurement of the turbidity at 600 my with a Beckman DU spectrophotometer.
For enzyme assays, the cells were collected by centrifugation for 10 min at 20,000 X g, washed once with 10 ml of 0.1 M KPO4 buffer (pH 7.4), suspended in 2 ml of the same buffer, and disrupted by exposure to two 15-sec periods of treatment with a Brownwill probe sonifier. The fragmented-cell suspension was clarified by centrifugation at 20,000 X g for 10 H4-folate was originally prepared by the method of O'Dell et al. (15) . However, this compound was subsequently purchased from the Sigma Chemical Co., St. Louis, Mo., and was found to be of comparable purity (about 80%). Radioactive N'-methyl-H4-folate with 14C in the methyl group was prepared by the method of Keresztesy and Donaldson (9) . All nonradioactive biochemical reagents were obtained from Calbiochem, Los Angeles, Calif. All radioactive compounds were obtained from the New England Nuclear Corp. Boston, Mass.
RESULTS
Growth characteristics. E. coli K-12-2276 was determined to be auxotrophic for either cyano-B12 or L-methionine in transfers from tryptone broth to minimal medium. However, the growth characteristics of the organism were found to be dependent upon the previous nutritional conditions of the inoculum. If the inoculum was first grown with L-methionine and a sample was transferred to new medium, there was no growth in the absence of L-methionine or cyano-B12. Exponential growth occurred in the presence of Lmethionine after a 2-hr lag period; with cyano-B12 alone, the lag period was extended to 6 hr. These results indicated that an adaptation was required for this organism to synthesize its required Lmethionine by a cyano-B12-dependent pathway after transfer to media containing cyano-B12. The minimal concentrations supportive of maximal growth of E. coli K-12-2276 were 5 X 10-9 M for cyano-B12 and 6.6 x 10-5 M for L-methionine.
An unusual response was observed when inocula grown with cyano-B12 were then subcultured in medium containing a sufficient cyano-B12 concentration for optimal growth but a suboptimal level of L-methionine. Cells grown without added L-methionine or at concentrations of L-methionine which exceeded 3.3 X 10-5 M (5 ,ug/ml) grew at the same rate and to the same extent. However, cells grown with cyano-B12 in the presence of a "low" L-methionine concentration (3.3 x 10-6 M) showed a marked prolongation of lag phase prior to exponential growth. Eventually, these cells reached the same level of maximal growth as cells cultured in cyano-B12 alone. The parent organism, E. coli K-12-1172, was not inhibited at the same concentrations of L-methionine in the presence of cyano-B12.
Growth inhibition occurred in the concentration range of L-methionine from 3.3 X 10-6 to 16.6 X 10-6 M (0.5 to 2.5 Ag/ml). The data are shown in Fig. 1 . It was a nongenetic adaptation, as the inhibited cells grew well when subcultured in cyano-B12 alone or cyano-B12 plus concentrations of L-methionine which exceeded 3 X 10-M.
Attempts were made to inhibit the growth of E. coli K-12-2276 by the addition of L-methionine at different stages of growth, but a definite inhibition was observed only when L-methionine was added within 2 hr after the start of the incu- bation. This suggested that a relationship existed between the consumption of the L-methionine in the medium and the appearance of the growth inhibition. In the early stages of growth, the Lmethionine might be sufficient to satisfy the cells' needs and thus suppressits own synthetic pathway. If complete utilization of these medium reserves occurred,a diauxic period could ensue before the organism regained its ability to synthesize adequate levels of methionine. Data in support of this supposition are shown in Fig. 2 . Studies of a tracer dose of methyl-14C-L-methionine uptake indicated that all of the exogenous amino acid was assimilated into the cells between 0 and 6 hr of growth under the described growth conditions. This demonstrated that the L-methionine in the medium was consumed prior to the appearance of the inhibition.
The morphology of the inhibited cells was markedly different from that of the noninhibited cells (Fig. 3) . The cells grown with cyano-B12 alone were short, motile organisms, whereas the inhibited cells were longer and less motile.
Enzyme levels during inhibition at low methionine concentrations. In a preliminary report (4) , it was observed that the level of N5 "0-methylene-H4-folate reductase (reaction 1) was markedly elevated during inhibition of E. coli K-12-2276 at "low" methionine concentrations: The possibility existed that with the conditions of 14CH3-L-methionine (3 X 10-7 M; specific activity under which growth inhibition was observed, 9 .85 iic/4mole) was introduced at the beginning of there was an alteration in the other enzymes of subculture to both flasks. At the designiated intervals, one-carbon metabolism, i.e., reactions involving a sample of the cell cultures was removed and centri-N5 "°-methylene-H4-folate. Thus, the following fuged at 5,000 X g for 10 min at 0 C. The medium enzymes were also assayed in control and in-L-methionine was estimated as the radioactivity which hibited cells: serine hydroxymethylase (serine + adhered to a Dowex 50-H+ column ( undertaken to determine whether the growth inhibition described above was a unique characteristic of E. coli K-12-2276 or a more general phenomenon ( Table 2 ). The series of organisms examined were derived by mutation after (i) temperature phage injection, ( b The inhibitions were rated 0, no inhibition; +, 0 to 25% inhibition; ++, 25 to 50% inhibition; +++, 50 to 75% inhibition; ++++, 75 to 100% inhibition.
c Reductase ratio is the quotient of N5. 10-methylene-H4-folate reductase activity in extracts of cells grown with L-methionine/cells grown without L-methionine.
d Mutants derived by the temperate phage technique from E. coli K-12 AB1172.
Mutants derived by treatment with nitrosoguanidine from E. coli K-12 AB259.
f Mutant derived by treatment with ultraviolet irradiation.
the inhibitory growth conditions. One mutant had an elevated reductase specific activity when grown on a "low" methionine medium but was not inhibited in its growth under these conditions. The methionine-cyano-BI2 auxotroph, E. coli W-113-3, which was derived after ultraviolet radiation, showed neither inhibition when grown at low methionine concentrations nor an alteration in the specific activity of the reductase. Moderate growth inhibition was observed with E. coli K-12 wild type and E. coli wild type Hfr, which are not auxotrophic for L-methionine or cyano-B12. No increase was observed in the reductase level of the wild type. Of the eight organisms which were inhibited by growth in a low methionine medium, seven demonstrated an increase in reductase specific activity. One of the five organisms, which did not demonstrate an inhibition under the same conditions, had an elevation of its reductase specific activity.
The effect of different carbon sources on growth inhibition was studied. Inhibition also occurred when the glucose in the medium was replaced by glycerol, galactose, succinate, or lactate. A correlation existed between the growth rate on a particular carbon source and the time of appearance of the inhibition; i.e., the more rapid the growth, the earlier the onset of growth inhibition.
Protection against growth inhibition at low concentrations of L-methionine. The association of an increased level of N5"J-methylene-H4-folate reductase with the observed inhibition of growth at "low" methionine concentrations suggested that a divergence of one-carbon units, away from purine base and thymidylate methyl biosynthesis towards methionine methyl synthesis, might be the metabolic basis of this inhibition. Various end products or intermediates of one-carbon metabolism were added to the incubation medium to observe their effect on the inhibition at "low" concentrations of L-methionine. None of these compounds could reverse the inhibition, but several protected, completely or partially, against the development of the inhibition when added at the initiation of the culture. As reported previously (4), guanosine, deoxyguanosine, and guanine exhibited the largest protective effect. Homocysteine, glycine, and folic acid were much less effective. Adenosine and the pyrimidine bases or nucleosides were not only ineffective but enhanced the observed inhibition.
The effects of guanosine concentration on protection as well as on the level of N5"l0-methylene-H4-folate reductase are shown in Table 3 . The optimal concentration of nucleoside for growth protection was 1.7 X 104 to 3.3 X 10-4 M. N5.10-methylene-H4-folate reductase levels were not decreased by the nucleoside, under conditions in which guanosine prevented the inhibition from occurring.
In other experiments, it was observed that, at optimal guanosine concentrations for protection, there was no effect on the levels of serine hydroxymethylase or thymidylate synthetase, but there was a 40 to 50% decrease in the level of N51"0-methylene-H4-folate dehydrogenase. The latter finding is described in more detail elsewhere (16) VOL. 94, 1967 
DiscussioN
The paradoxical growth inhibition of E. coli 2276, when grown with optimal cyano-B12 but suboptimal L-methionine, described in the present report, is still unexplained. That the observed inhibition is related to a diauxic phenomenon seems apparent from the characteristics of the growth curves, the observed latent period for inhibition after L-methionine addition, and the uptake of media L-methionine prior to growth inhibition. In addition, low concentrations of only L-methionine led to the observed growth inhibition and increased levels of NTU0-methylene-H4-folate reductase. The increased enzyme content probably followed exhaustion of the cellular L-methionine pool; however, this could not be tested because of the paucity of cells in the growth phases prior to inhibition.
A survey of cyano-B12 auxotrophs obtained by different methods of mutagenesis suggested that there was some difference in the resultant groups of mutants. Those organisms, derived from phage m,ul integration into the bacterial chromosome, demonstrated the greatest inhibition of growth at low methionine concentrations and the most rigorous correlation between the occurrence of the inhibition and elevation of the reductase level.
In contrast, the nitrosoguanidine mutants had greater increases in reductase level at low methionine concentrations in three organisms but little if any inhibition of growth. A distinct quantitative difference in phenotypic expression has been observed following these methods of mutagenesis. With other markers, the phage-induced mutants are absolutely devoid of gene product (A. L. Taylor, personal communication), whereas chemical mutants are more variable. A similar difference in gene product may underlie the lack of a rigorous correlation between growth inhibition and N"1--methylene-H4-folate reductase specific activity.
The findingthat guanine, guanosine, and deoxyguanosine were able to protect against the growth inhibition which occurred at "low" L-methionine concentrations suggested that there was an alteration in nucleic acid synthesis. An original hypothesis was that the N5,1"-methylene-H4-folate reductase derepression which occurred during growth inhibition resulted in a divergence of onecarbon units from the purine to the methionine pool, and accounted for the growth inhibition as well as its reversal by guanosine. However, preliminary studies on the distribution of carbon 3 of L-serine into pool amino acids, phospholipids, nucleic acids and proteins in control and "low" methionine inhibited cells have shown no significant difference. In addition, no unique effect of guanosine on L-serine-3-"4C distribution was observed in these cells under conditions in which guanosine prevented the growth inhibition. The molecular mechanism of the guanosine effect is as yet unknown.
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